We investigated the possible association of solute carrier family 6 member 18 (SLC6A18) with hypertension and blood pressure in Japanese, since the homologous murine XT2 gene was recently reported to be associated with hypertension. The entire coding region of SLC6A18 was sequenced in 30 unrelated Japanese subjects. The deleterious effects of the observed nonsynonymous single nucleotide polymorphisms (SNPs) on the phenotype were predicted using bioinformatics software. We tested the associations of one deleterious SNP (Y319X) with blood pressure and hypertension in a general population of 1,004 subjects in one area of Japan. Both quantitative and qualitative analyses adjusting for age and body mass index (BMI) as covariates were undertaken. Four synonymous (P7P, T32T, G37G and V387V), three missense (S12C, I32T and L478P) and one nonsense (Y319X: g1230757 C > G) polymorphisms were found. One of the synonymous polymorphisms was novel (V387V) by reference to the dbSNP database. The Y319X genotype distribution of CC:CG:GG in this population showed frequencies of 0.382, 0.461 and 0.156, respectively, which followed Hardy-Weinberg equilibrium. The nonsense polymorphism had odds ratios of 0.83 (confidence interval [CI] = 0.59-1.15, p = 0.26) in males and 0.96 (CI = 0.72-1.29, p = 0.80) in females with hypertension or current medication for hypertension. For the quantitative analysis, we excluded the current medication subgroup. The nonsense allele was not a significant predictor for systolic or diastolic blood pressure. This is the first report showing that a single polymorphism in SLC6A18 is not associated with hypertension or blood pressure in Japanese.
Hypertension is a complex trait in which genetic and environmental factors contribute interactively. No single genetic variant has emerged from previous linkage or association analyses as being consistently confirmed in different ethnic populations. However, a number of polymorphisms in candidate genes have been found to be associated with differences in blood pressure (Ruppert and Maisch 2003) .
A relatively strong linkage was determined for human hypertension in 5p15 (Rice et al. 2000; Wu et al. 2003) . A study using mice of the inbred strain BPH/2 as a rodent model of hypertension revealed a significant linkage on chromosome 13 (Wright et al. 1999) . In addition, studies using the Dahl salt-sensitive (S) rat determined that genomic segments on the S rat genome harbor blood pressure (BP) quantitative trait loci (QTLs) (Garret et al. 2002) , one of which is on rat chrom o s o m e ( R N O ) 1 ( Ya s s e r e t a l . 1 9 9 9 ) . Furthermore, scanning of the Milan hypertensive rat genome also revealed suggestive QTLs for systolic blood pressure (SBP) on chromosome 1 (Zagato et al. 2000) . The homologous regions with BP QTL2 on RNO1 lie on parts of mouse chromosome 13 and human chromosome 5.
According to a recent investigation (Quan et al. 2004 ), disruption of the XT2 gene, which is located on chromosome 13 in mice, causes hypertension. XT2 is predominantly expressed in the kidney and shows 80% homology with solute carrier family 6 (neurotransmitter transporter) member 18 (SLC6A18), which was mapped on 5p15.33. Human SLC6A18 is also mainly expressed in the kidney (Kleta et al. 2004) , although the physiological function of SLC6A18
has not yet been clarified. Based on these lines of evidence, we hypothesized that the SLC6A18 gene may be a candidate gene for hypertension in humans.
In the present study, we tested the possible contributions of SLC6A18 to blood pressure and hypertension in humans.
MATERIALS AND METHODS

Study subjects and study design
In 1998, we established a DNA sample bank, in which 3,434 residents in Noshiro city in the Akita prefecture of Japan donated a blood sample and provided health checkup data for genetic analysis. The data included laboratory test results, a physical examination including height, body weight, blood pressure and electrocardiography, family history, current medications and lifestyle. The blood pressure was measured in the sitting position using a mercury sphygmomanometer after the subject had been seated quietly for more than 5 minutes. SBP and diastolic blood pressure (DBP) were recorded as the means of two measurements taken by public nurses. The criteria for hypertension were SBP 140 or DBP 90 based on the Joint National Committee 7 (JNC7) Classification (Chobanian et al. 2003) . Public nurses measured the height and body weight. The body mass index (BMI) was calculated by dividing the body weight (in kilograms) by the square of height (in meters).
First, we selected 30 unrelated DNA samples from the bank by simple randomization in order to identify single nucleotide polymorphisms (SNPs) in the entire coding region of SLC6A18. This number results in a power of > 95% for detecting all variants with frequencies higher than 5% (Johnson et al. 2001) . Next, we tested the associations of the identified SNPs with blood pressure or hypertension by selecting the DNAs of another 1,004 subjects from the bank by simple randomization. The Ethics Committee at Kyoto University approved the present study. Appropriate written informed consent was obtained from all participants.
Extraction, amplification and sequencing of genomic DNA Genomic DNA was extracted from blood samples using a QIAamp Blood Mini Kit (Qiagen, Hilden, Germany). In order to amplify exons 1-12 (coding region) of SLC6A18, polymerase chain reaction (PCR) was performed on 50 ng of genomic DNA as a template using a LA PCR kit Ver. 2.1 (Takara Bio, Tokyo). The PCR products were electrophoresed and purified using a QIAquick Gel Extraction Kit (Qiagen), followed by sequencing with an ABI 3100 Avant DNA sequencer (Applied Biosystems, Foster City, CA, USA). All the detected SNPs were checked using the dbSNP database as a reference.
Prediction of the effects of the detected SNPs on the function of SLC6A18
We conducted functional analyses for the identified nonsynonymous SNPs using the Polyphen software (http://tux.exbl-heidelberg.de/polyphen/). The protein structure was predicted by SOSUI (http://sosui.proteome. bio.tuat.ac.jp/sosuiframe0.html) and all the detected SNPs were allocated on it.
PCR-restriction fragment length polymorphisms
PCR-restriction fragment length polymorphisms (RFLP) was conducted for the deleterious SNPs in exon 7 using the primers 5´-ATCTGAGGCCATTCTGAGCTC and 5´-ACAGAAATGAAATGTGCCCACG, which was 414 bp product in length. The PCR products were digested with restriction enzymes, and the allelic-specific PCR-RFLP products were separated by electrophoresis.
Statistical analysis
The statistical significances of differences between variables were tested by Student's t-test and ANOVA when appropriate. Comparisons of frequencies and tests for Hardy-Weinberg equilibrium were conducted using χ 2 -tests. These analyses were carried out using SAS software (Version 8.2; SAS Institute Inc., Cary, NC, USA). In order to estimate the effects of the genotypes with adjustment for covariates such as age and BMI, multiple regression analysis was conducted using the THESIAS software (http://www.genecanvas.org) (Tregouet et al. 2002) . For regression analysis by SAS, three numerical coding schemes were used to represent the genotypes: (1) (AA,AB,BB) = (0,1,1), (2) (AA,AB,BB) = (0,0,1) and (3) (AA,AB,BB) = (0,0.5,1). The first scheme assumes that allele B is dominant, the second scheme assumes that allele B is recessive and the third scheme assumes a continuous mode. We estimated the statistical power from the number of subjects for the association studies. Specifically, the statistical power was predicted by the Genetic Power calculator (Purcell et al. 2003) to be 82% when the α level was set to 0.05. For this calculation, some assumptions about the genotype relative risk (AA = 1.6, Aa = 1.01), risk allele frequency (0.4), prevalence (0.25) and marker allele frequency (0.4) were made.
RESULTS
We found four synonymous (P7P, T32T, G37G and V387V), three nonsynonymous (S12C, I32T and L478P) and one nonsense (Y319X: g1230757 C > G) polymorphisms (Table 1) in the entire coding region of SLC6A18 in the first 30 DNA samples. One of the synonymous polymorphisms was novel (V387V) by reference to the dbSNP database. The Polyphen software predicted that the three nonsynonymous variants were not deleterious. Therefore, we only tested the nonsense variant, Y319X, for its associations with blood pressure and hypertension in 1,004 randomly selected subjects. This polymorphism (Y319X) causes a substitution (C > G) in exon 7, which introduces a stop codon at residue 319, thereby truncating about half the 629 amino acids of the protein (Fig. 1) .
The demographic characteristics of the 1,004 subjects and their subgroups are shown in Table 2 . Among the total subjects, the Y319X genotype distributions of CC : CG : GG showed frequencies Comparisons of covariates such as age, BMI, hypertension, family history and blood pressure without antihypertensive medication among the wild-type (CC), heterozygous (CG) and homozygous (GG) genotypes were conducted in each subgroup.
In the following analysis, subjects with current antihypertensive medication were excluded from the quantitative analysis to eliminate the effects of medication on blood pressure. As shown in Table 3 , there were no significant differences in blood pressure, prevalence and family history of hypertension and risk factors among the three genotypes.
In addition, other covariates such as total cholesterol, high-density lipoprotein (HDL), blood glucose and smoking status were similar among the three genotypes within the two subgroups (data not shown).
The results of testing the associations of the polymorphism with SBP, DBP and hypertension in the two subgroups by THESIAS are shown in Table 4 . The nonsense polymorphism had relative risks (odds ratios) of 0.83 (confidence interval [CI] = 0.59 -1.15, p = 0.26) in males and 0.96 (CI = 0.72 -1.29, p = 0.80) in females, suggesting that this SNP did not contribute to hypertension in either of the two subgroups. The regression analysis by the SAS software also showed no significant differences in the dominant, recessive and continuous genotypes in the total population and the two subgroups (data not shown).
DISCUSSION
Hypertension is a common phenotype that is considered to be a multifactorial trait. In addition, genetic factors (such as the AGT gene) (Fardella et al. 1999 ) are considered to elevate or decrease blood pressure in concert with environmental factors or other biological factors such as sex, age and BMI (Hamann and Sharma 2002; WHO 2002) .
The XT2 gene in mice shows 80% homology with human SLC6A18, and mediates sodiumdependent high-affinity reuptake of glycine on the brush border membrane of renal proximal tubules (Quan et al. 2004 ). However, XT2 does not increase the plasma membrane glycine uptake activity in cultured cells, suggesting that it may require the coexpression of other co-transporter or accessory proteins to exhibit its full activity (Quan et al. 2004) . If these co-transporter or accessory proteins are deficient in humans, SLC6A18 cannot express its full function in the kidneys. Finally, SLC6A18 seems to have little, if any, physiologically significant function, since a large majority of individuals have a stop codon. Whatever the mechanisms may be, it is likely that haploinsufficiency or loss of function of the SLC6A18 transporter does not cause hypertension in humans.
The present study failed to show that a single nonsense polymorphism in SLC6A18 is involved in either quantitative blood pressure or qualitative hypertension in the general population in Japan. The data presented in the current study argue against an association between hypertension and SLC6A18 in humans. Although a previous animal study by Quan et al. (2004) confirmed that the XT2 gene is associated with hypertension in mice, our present data in humans failed to confirm an association between SLC6A18 and hypertension. Therefore, the previous association found in mice may not be generally applicable to hypertension in humans.
The present results are limited to the current study population. Therefore, in order to definitively assess the role of this candidate gene in humans, additional investigations in other populations are required. Another limitation of the present study is the statistical power. We assumed that the genotype relative risk was high. However, since hypertension is a multifactorial phenotype influenced by many genetic factors, it may be better to assume a lower genotype relative risk. In this case, we would have to increase the sample size.
